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ABSTRACT 
Mechanisms of central nervous system (CNS) impairment during hyperthermia 
are largely task-dependent. This thesis sought to compare neuromuscular responses of an 
isometric force and position task during passive hyperthermia, and the relative 
contributions of rectal (Tre) and skin (T̅sk) temperature afferents. Surface 
electromyography (sEMG) was used to assess the electrical activity of the flexor carpi 
radialis (FCR) muscle during a force and position task. Twenty participants were 
passively heated from 37.1°C to 39.0°C Tre or thermal tolerance and then cooled back to 
37.8°C using a liquid conditioning garment. Passive hyperthermia induced progressive 
increases in root-mean-square (RMS) amplitude, mean power frequency (MPF) and 
median power frequency (MDF) for the force task. No change was observed in the sEMG 
signal for the positon task with passive heating, yet RMS amplitude increased upon skin 
cooling. Discrepancies in the sEMG signal exist between isometric and dynamic tasks, 
and these changes are due to core and skin afferents, respectively.  
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1 INTRODUCTION 
Increased body temperature (i.e., hyperthermia) has been shown to impair central 
nervous system (CNS) activation during isolated muscle contractions (100, 113, 127, 
147, 148) and whole body exercise (43, 71, 121, 149, 150). Prior work has endorsed a 
direct effect of hyperthermia on CNS activation (148), suggesting that impairments occur 
independent of changes in skin (100) and muscle temperature (147).  
Existing work has been limited by mainly focusing on maximal isometric 
contractions to investigate neuromuscular function of whole body exercise during 
hyperthermia. While maximal isometric contractions provide an understanding of the 
force producing capacity of the neuromuscular system (55), using this approach to model 
whole body exercise may be problematic. Data suggest that neural activation patterns of 
maximal isometric contractions are poorly related to both sprinting (95) and vertical jump 
test performance (95). Rather, the dynamic maintenance of joint angle – which inherently 
demonstrate lower EMG activity (62), lower motor unit discharge rate (87), recruitment 
of additional motor units during prolonged contractions (105, 106), and greater rate of 
increase in the central neural activity (60-62) compared to isometric contractions – are 
more reflective of whole body exercise due to greater neural and mechanical similarities 
between a position task and dynamic movements (102, 103).  
Studies using maximal isometric contractions have concluded that elevations in 
core temperature may be the primary thermal afferent causing impairments in central 
nervous system activation during hyperthermia (100, 116, 147, 148). However, during 
dynamic isokinetic contractions, lowering skin temperature impairs force production 
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independent of changes to core temperature (24). These data suggest that the mechanisms 
of neuromuscular function during hyperthermia are dependent on the source of thermal 
afferents, and the type of task being performed. The electromyography (EMG) signal 
provides a window into the neuromuscular activation of muscle, and could be a valuable 
technique to investigate the physiological mechanisms responsible for these differences. 
Yet, none of the previous work has investigated these mechanisms using EMG.  
Therefore, the purpose of this experiment was to determine how passive 
hyperthermia impairs neuromuscular function of an isometric force and position task, and 
determine the relative role of core and skin temperature on neural drive to the muscle. 
This study compared EMG of submaximal force and position tasks at core temperature 
intervals of 0.5°C during heating to ≥1.5°C above baseline core temperature, and then 
during cooling to 1°C above baseline. It was hypothesized that: 1) EMG activity during 
the isometric force task would be greater than position tasks with passive heating, and 2) 
increases in core temperature and decreases in skin temperature will elicit central nervous 
system impairment during isometric force and position tasks, respectively.   
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2 REVIEW OF THE LITERATURE  
2.1 Performance in the Heat   
Hot environmental temperatures can substantially reduce exercise performance 
and accelerate fatigue, as marathon performance is impaired with increases in 
temperature (30, 97, 98). Ely et al. (30) showed that finishing times were progressively 
slower with increased WBGT from 5 to 25°C. Exercise time to exhaustion (TTE) or time 
trial (TT) protocols have been performed to further understand the physiological impact 
of heat on exercise performance (40, 44, 86, 142). Febbraio et al. (40) initially observed a 
reduction in exercise time to fatigue when the environmental temperature was increased 
from 20°C to 40°C. Galloway and Maughan (44) systematically compared progressive 
increases of heat stress (4-31°C) on TTE (70% V̇O2 max), reporting that TTE was ~ 42 
minutes shorter at 31°C than 11°C. Similarly, Tatterson et al. (142) and Périard et al. 
(116) reported a 6% and 13% reduction in TT performance in the heat compared to 
temperate environments, respectively. Together, these studies highlight the direct impact 
of elevated temperatures on exercise performance. In addition, heat exposure is a 
significant hindrance to work capacity in occupational settings such as the military (80), 
deep mining (75), and firefighting (23). 
The physiological mechanism(s) underlying impaired performance in the heat are 
not well understood. Traditionally, exercise performance in the heat has been assumed to 
be primarily limited by cardiovascular strain, accompanied by changes in cardiac output 
distribution priorities from splanchnic tissues and the brain, accelerating fatigue (21, 81, 
142). More recently, a consistent core temperature (Tc) threshold of ~ 40°C, at the point 
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of voluntary exhaustion (22) despite a range of physiological manipulations including, 
hydration or heat acclimation status, initial Tc or the rate of increase in Tc (50, 157) 
indicate the direct effect of core temperature on exercise capacity. 
The cumulative effect of high heat stress from alterations in other physiological 
systems is the inadequacy of the neuromuscular system to maintain required force, 
leading to fatigue and exercise cessation (108, 113). The remainder of this literature 
review will present the potential impact of hyperthermia along the continuum of the 
neuromuscular system from individual motor units to the central nervous system.  
2.2 Neuromuscular Function in the Heat  
Physiological fatigue is the failure to maintain an expected force output (12). The 
relative contribution limiting force production originates from an inability of the central 
nervous system to activate sufficient skeletal muscle or alterations distal to the 
neuromuscular junction known as central (108, 113, 116) and peripheral fatigue (76), 
respectively. A novel study sought to systematically analyze the effects of heat on the 
electrophysiology of human muscles in vivo (131). At the level of an individual motor 
unit, measured with the lowest threshold of stimulation, Rutkove et al. (131) determined 
that heating the first dorsal interosseous muscle (FDI) to 42°C resulted in a significant 
decrease in action potential amplitude. Interestingly, this decrease occurred progressively 
over time with heating with amplitude returning to baseline levels with cooling, 
indicating a strong direct effect of local temperatures on the neural signal from an 
individual motor unit (120, 131). 
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One of the primary changes evident with temperature within the neuromuscular 
system is an alteration in the conduction velocity of the nerves (131). At 42°C muscle 
temperature, conduction velocity substantially increased with heating, and these changes 
were observed for both motor and sensory nerves. Conduction velocity can potentially 
alter neural transmission in healthy populations, and is the primary cause of 
neuromuscular disease such as multiple sclerosis (126). Amplitude and duration of the 
action potential for motor and sensory nerves contributed to the changes in conduction 
velocity, decreasing considerably with heating. This was initially observed in humans, as 
Bolton et al. (15) determined a negative linear correlation between temperature and the 
latency, amplitude, and duration of the action potential. These changes are mainly due to 
alterations in sodium and potassium channel function with elevated temperatures (42, 58). 
As a result, ion channel activation and deactivation occur at a faster rate with heating, 
shortening the time the channel is open to allow charge influx, and reducing action 
potential amplitude. At very high temperatures (44-48°C), conduction block - a failure of 
the impulse transmission at some point along a nerve fibre - may occur (25) ceasing 
propagation along the neuron and severely weakening muscular contraction. 
At the muscle, a neural signal transfers from an electrical to a chemical signal via 
the production of synaptic transmitters such as acetylcholine. Stimulation of the first 
dorsal interosseus muscle did not produce a reduction in compound motor action 
potential (CMAP) amplitudes at 32°C or 42°C (131). This suggests that temperature did 
not have a profound affect on the release and movement of synaptic transmitters through 
the neural membrane, and that the neuromuscular junction remains capable of full 
function regardless of temperature. Although revealed by in vitro studies, a potential 
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explanation for the maintenance of transmission at the neuromuscular junction may be 
preconditioning and heat shock proteins (69, 73). As well, it is proposed that excess 
acetylcholine is released for a given stimulus in the heat to ensure depolarization of a 
muscle fibre (130).  
Direct effects of hyperthermia on muscle function largely manifest as alterations 
in energy metabolism and contractile properties of the muscle itself. Above all, muscle 
fatigue or failure of muscle contractile components is evident by increased 
electromyography (EMG) activity relative to force (146). EMG is a valuable tool that 
provides an index of muscle recruitment and activation patterns during voluntary exercise 
or electrically stimulated contractions. Alterations in the EMG recordings reflected in 
changes to the amplitude or frequency indicate changes in force output and motor unit 
recruitment patterns, respectively, potentially leading to muscle fatigue. Upon reaching a 
Tc of approximately 40°C, there is a failure of adequate motor unit recruitment of skeletal 
muscle (109). To further support this, motor unit recruitment of skeletal muscle measured 
by EMG frequency during sustained isometric contractions is lower in hyperthermic than 
in thermoneutral conditions (71, 113, 149, 150). This suggests that as core and cerebral 
temperatures increase during exercise in the heat, the ability to recruit motor units to 
allow exercise to continue at a desired rate is diminished. However, making inferences 
based on these data should be done with caution, as muscle drive during exercise is 
dependent on exercise intensity (i.e., maximal vs. submaximal) and protocol type (i.e., 
self-paced vs. fixed intensity). For example, EMG activity during self-paced cycling 
exercise in the heat decreased prior to a Tc of ~40°C. These studies propose the existence 
of an anticipatory mechanism that adjusts the work rate by regulating the degree of motor 
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unit recruitment to prevent Tc form levels that may cause harm or premature fatigue (88, 
89, 142, 150). 
Competition for blood flow between skin and active skeletal muscle during heat 
stress may impact muscle metabolism due to a reduction in oxygen availability and 
cellular respiration (38). Although it is not fully understood if muscle blood flow in 
contracting muscles in the heat is reduced (9, 109), González-Alonso et al. (48) observed 
an attenuated blood flow in the contracting leg during cycling exercise in the heat. 
However, femoral arterio-venous difference was augmented accordingly to preserve 
oxygen availability and extraction. Therefore it seems as though oxygen availability is 
not the primary mechanism for an altered metabolism within the muscle in the heat. It has 
been suggested that a rise in intramuscular temperature (Tmu) may act upon key enzymes 
to alter metabolism, ultimately limiting physical performance (78). The Q10 temperature 
quotient for biochemical processes is ~2, meaning for every 10°C increase in 
temperature, a 2-fold increase in the speed of mechanical and metabolic reactions in 
skeletal muscle (111). As shown in Figure 2-1, the rate of muscle glycogen utilization is 
significantly increased in the heat, with a concomitant increase in lactate accumulation 
(41). 
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Figure 2-1: Net muscle glycogen utilization and blood lactate accumulation during 
exercise at ~70% VO2 peak in trained men at 20 and 40°C (41)]. 
These data have been supported through the use of heating pads or water perfused 
cuffs to observe direct changes in Tmu in the absence of changes to Tc (39). The utility of 
these methods are critical because elevated Tc can increase plasma adrenaline levels (49, 
54, 115, 118), which facilitates glycogenolysis during exercise and heat stress (51, 67). 
The findings of this study demonstrated that an elevation in Tmu increased glycogenolysis 
and lactate accumulation independent of changes in core temperature or plasma 
catecholamine levels. Subsequently, Starkie et al. (140) utilized a protocol that involved 
having one leg heated (55°C) and one cooled (0°C) for 40 minutes before and 20 minutes 
during exercise using water-perfused cuffs. It was determined that net muscle glycogen 
use was greater during exercise with heating versus the cooled leg. These data 
demonstrate that muscle glycogen depletion is augmented by increases in Tmu. This 
suggests that the increase in carbohydrate utilization occurred as a direct effect of an 
elevated muscle temperature, possibly leading to decreases in force output through low 
muscle glycogen levels. 
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Increased muscle lactate concentrations or hydrogen ion concentration [H
+
] are 
linked with disturbances in the efficiency of muscle mitochondria which directly interfere 
with certain contractile mechanisms within the muscle (16, 57). It is possible then, that 
these metabolic and contractile perturbations within the muscle contribute to reduced 
exercise performance and force production in the heat (37). A faster decline in pH can 
abruptly alter the release of calcium from the sarcoplasmic reticulum, and function of 
excitation-contraction coupling (104). It is critical to note that the early studies that 
established detrimental effects of mitochondrial function as a consequence of elevated 
Tmu were done so in vitro. Transferability to in vivo situations is difficult to assume, and 
according to González-Alonso et al. (48) muscle V̇O2 is not different in hyperthermia 
(Tmu ~41°C) compared to control temperatures. This result would seem unlikely if muscle 
temperatures had detrimental effects on mitochondrial respiration. Furthermore, muscle 
lactate levels are much lower in submaximal or passive heating than the level observed 
during maximal exhaustive exercise (29, 112). To better understand the effects of 
temperature on neuromuscular function, it is critical to isolate the relative contributions of 
local muscular temperatures from core temperatures within the brain and viscera. 
Particularly in whole body exercise, a major consideration is the thermal exchange 
between the tested muscle, other nearby muscles, and the body as a whole (21). 
Following cycling-induced hyperthermia Nybo and Nielsen (113) reported a 
greater decrease in maximal voluntary contraction force with both knee extension and 
hand grip exercises compared to cycling in a cool environment. Interpolated twitch of the 
knee extensors demonstrated a decline in voluntary activation (Figure 2-2), although no 
activation measure for the handgrip test was conducted. The decrease in force of the 
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handgrip exercise suggests a decrease in central neuromuscular activation as cycling 
primarily utilized the lower body. When central activation of the biceps brachii was 
measured during a similar cycling-induced hyperthermia protocol, no impairment in the 
non-exercised muscle was observed with hyperthermia (132).  
Figure 2-2: Voluntary activation percentage during 2 minutes of sustained maximal 
voluntary contractions with knee extensors during hyperthermia and thermoneutral 
(control; (113)). 
It is vital to note that several of the significant studies examining the mechanisms 
underlying hyperthermia-induced fatigue implemented exercise in hot environments, 
subsequently comparing measures to baseline values (113, 116, 132). Although the use of 
exercise-induced hyperthermia has practical relevance, it typically leads to concomitant 
factors that may confound the direct role of hyperthermia and core temperature. Three 
key limitations exist in the attempt to explore direct effects of hyperthermia using 
exercise protocols in the heat. Firstly, high cardiovascular strain and dehydration may 
cause confusion on the development of fatigue (43) whereby it is unknown if fatigue is 
attributable to neuromuscular deficiencies or an insufficiency of the cardiovascular 
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system. As well, metabolic changes within the muscle can independently cause fatigue, 
where the accumulation of metabolic end products may attenuate skeletal muscle function 
and force output (115). Lastly, exercise-induced hyperthermia models do not provide any 
insight on the progression of fatigue as an individual becomes hyperthermic over time. 
This is a major obstacle in determining whether changes in fatigue occur with increasing 
core temperature, or merely at a critical temperature threshold.  
Passive heating models can be employed in order to isolate central thermal 
afferents on neuromuscular function in the heat. This model removes potential 
confounding factors, in some cases eliciting hyperthermia at a heart rate reserve of 65%  
(100). In the same study, maximum isometric voluntary knee extension and central 
activation was assessed during passive heating from ~37.5°C to 39.5°C at 0.5°C intervals. 
Individuals were then cooled back to 38.0°C allowing the comparison between similar 
core temperatures with both warm and cool skin temperatures. Both maximal isometric 
force production and voluntary activation progressively decreased as rectal temperature 
increased. Both measures subsequently returned to baseline values with core cooling, 
suggesting a centrally mediated impairment of neuromuscular function. A 
methodological limitation to this study was whole-body passive hyperthermia did not 
account for muscle temperature of the tested muscle; rather, whole body skin temperature 
was assessed. It is appropriate to assume neuromuscular impairment as a consequence of 
increasing core temperature rather than skin thermal afferents, yet it would be remiss to 
assume a similar relationship between core and muscle temperature.  
To address this methodological issue, and to address the relative role of core and 
muscle temperature effects on neuromuscular function, Thomas et al. (147) performed the 
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same passive heating protocol as Morrison et al. (100). This group maintained 
thermoneutrality in one leg (control), while the other leg was allowed to change 
temperature with core body temperature (experimental). Similar patterns of progressive 
neuromuscular impairment with increasing core temperature with a gradual return to 
baseline were observed in both the control and experimental leg. As shown in Figure 2-3, 
both torque (Nm) and voluntary activation showed a similar quadratic trend, indicating 
that the ability to activate the muscle and produce force was not depressed as a result of 
fatigue accumulating over the protocol, but directly influenced by core temperature. 
These data indicate that impairment of force generating ability during hyperthermia may 
be due to a failure of the central drive through increasing core temperatures, irrespective 
of temperature changes of the skin or within the muscle.  
 
Figure 2-3: Resting maximal voluntary contraction (MVC) torque and voluntary 
activation (VA) for hot (closed circles) and thermoneurtral (open circles) legs during 
passive heating (147). 
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Consistent with these studies, isometric force production and voluntary activation 
of the elbow flexors also decreases with elevated core temperatures (148). Exclusive to 
this study was the use of transcranial magnetic stimulation (TMS). TMS is a technique 
with the ability to localize the site of voluntary drive failure at the motor cortex. If 
additional force is evoked by stimulation of the motor cortex, it suggests a failure of 
voluntary drive must occur at or above supraspinal levels (45, 145). Todd et al. (148) 
attempted to estimate voluntary activation of maximal isometric contractions with the 
TMS technique in both neutral and hyperthermic environments using a passive 
hyperthermia protocol. This study demonstrated no change in motor cortical excitability 
in either thermoneutral or hot core temperatures. The authors concluded that descending 
voluntary drive, at a level below the motor cortex, was not able to compensate for altered 
local muscle properties with hyperthermia.  
Another site for modulation in the motor drive during heat stress is the spinal cord 
(122). This is supported by findings that show a reduction in electrically evoked 
Hoffmann reflex amplitudes, expressed both in absolute and relative metrics during 
passive heat exposure (120). This modulation can partly be related to temperature 
sensitive group III and IV muscle afferents stimulated by muscle chemo- and 
metaboreceptors that mitigate transmission of alpha motoneuron excitation originating in 
the spinal cord (6, 13, 46). Primarily, group III and IV muscle afferents act on 
cardiovascular and ventilatory reflex responses to transport muscle oxygen and preserve 
exercise performance. Secondly, these afferents have been shown to facilitate central 
fatigue by exerting inhibitory influences on central motor drive, which could be 
particularly important for providing an explanation of the decrement in spinal reflex 
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amplitude in hot environments (2, 3). This can be of particular importance during 
sustained muscular contractions where muscle metabolites accumulate (4) and accelerate 
development of fatigue. It seems that skeletal muscle activation becomes severely 
impaired when hyperthermia is combined with inhibitory feedback from skeletal muscle 
afferents to the central nervous system. It appears that neuromuscular impairment in 
isolated isometric contractions is focused at a point above changes in the muscle and 
below the motor cortex. 
The ratio of low frequency α-band waves and high frequency β-band waves is an 
indicator of brain activity and arousal (108). Brain activity typically shifts from β waves 
during periods of alertness to increased activity of α waves when drowsy. With elevated 
brain temperatures during periods of hyperthermia, there is a reduction in β waves, 
thereby increasing the α-to-β ratio. This is supported by studies using 
electroencephalogram (EEG), which show a decline in high frequency β waves in the 
prefrontal cortex is strongly correlated (r
2
 = 0.98) with progressively rising Tc  ((108, 124) 
;Figure 2-4). This state of brain activity is similar to what occurs during sleep, reflecting a 
reduced state of arousal during hyperthermia. Altered functional activity of the brain is 
associated with changes in ratings of perceived exertion (RPE). Nybo & Nielsen (114) 
reported that subjects had continually rated their effort higher, and had an increased 
difficulty in maintaining power output during hyperthermic trials. It is strongly suggested 
that the combined effect of reduced states of arousal and increased perceived exertion are 
key factors that influence the development of neuromuscular fatigue during heat 
exposure.  
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Figure 2-4: alpha/beta index with progressively increasing core temperature between 
exercise in hot (42°C) and control (19°C) environment (108). 
2.3 Task Effects 
Previous work investigating central nervous system activation and force 
production during hyperthermia has focused on maximal isometric contractions (100, 
113, 116, 127, 147, 148). While maximal isometric contractions provide an 
understanding of the force producing capacity of the neuromuscular system (55), using 
isometric contractions to model whole-body exercise may be problematic. Data suggest 
that mechanical and neural differences between the two contraction modalities are 
responsible for the poor relationship between maximal isometric contractions and 
dynamic movements such as sprint performance (r = 0.47;  (95)) and vertical jump test 
performance (r = 0.07; (95)). This poor relationship is reflected by greater integrated 
electromyography response during maximal isometric contractions (102, 119), 
EXERCISE IN THE HEAT AND CENTRAL FATIGUE                                                                                                    10 
 
activity in not only the frontal cortex, but the central and occipital cortices as well, and reported 
similar decreases in β activity and subsequent increases in α/β index during exercise-induced 
hyperthermia in all three cortices.  
In addition to these significant changes in brain activity, a close linear relationship 
between core temperature and α/β index during exercise was identified (Nielsen et al., 2001), as 
seen in Figure 3. In contrast, this relationship was not seen with heart rate, indicating that the 
great reduction in β activity and 
subsequent increase in α/β index is most 
closely associated with increases in body 
temperature. Taken altogether, this 
suggests that alterations in brain activity 
observed as body temperature increases 
reflect a reduced state of arousal, which 
may contribute to the hyperthermia-
associated reduction in central 
neuromuscular drive and decreased 
capacity to exercise.  
Ratings of Perceived Exertion and Brain Activity 
 While the functional significance of observed changes in electrical activity of the brain 
during hyperthermia are far from understood, it is important to note that the altered activity was 
associated with changes in ratings of perceived exertion (RPE). Nybo & Nielsen (2001b) 
reported differences in perceived exertion during exercise in hyperthermic conditions, such that  
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differences in neural activation patterns (31, 53, 72, 83, 159), and motor unit recruitment  
(105, 106) between maximal isometric and dynamic contractions. Further, it has been 
suggested that Henneman’s size principle (56) – which states that motor units are 
recruited from the smallest, fatigue-resistant muscle fibres to the largest, fast-twitch fibres 
(85) – may only apply to fixed isometric contractions (59, 83). Such a distinction between 
maximal isometric contractions and dynamic exercise highlights the main limitation of 
extrapolating maximal isometric contractions to model whole body exercise.  
Murphy et al. (103) sought to investigate the relationship between a position task 
and dynamic performance in comparison to an isometric task. It was demonstrated that 
the force/mass relationship at lighter loads – which are typically performed during 
dynamic exercise – was much stronger using a bench press position task model rather 
than maximal isometric contractions for shotput performance. It was emphasized that not 
only are there distinctions between isometric and dynamic performance, those same 
neural and mechanical differences exist between isometric and position tasks. Extensive 
work has been conducted on the mechanisms responsible for differences between 
isometric contractions that require exertion against a fixed restraint (force task) and 
contractions that require the maintenance of a joint angle (position tasks) while 
supporting an equivalent inertial load (18, 60-62, 101, 107, 128). It is consistently found 
that, despite similar muscle torques for the two tasks, position tasks induce failure before 
isometric tasks. This is attributed to heightened levels of neural activity (62, 63) and 
differences in central control strategies (18, 144). Activity at the level of a single motor 
unit also changes between force and position tasks. MacGillis et al. (87) recorded the 
discharge rate of the same motor unit during a force and position task, and found that 
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discharge rate declined more during the position tasks, which was accompanied by the 
recruitment of additional motor units to compensate for a reduced motor unit discharge 
rate (101). These data support earlier work that affirms that the mechanisms responsible 
for changes in central nervous system activation depend on the details of the task being 
performed (33, 45).   
Previous work investigating central nervous system activation of dynamic 
contractions during hyperthermia has been limited. Ftaiti et al. (43) performed maximal 
isometric and isokinetic contractions (ranging from 60 to 240° · s
-1
) and an additional 20 
second endurance test of MVCs at 240° · s
-1 
to represent prolonged dynamic exercise. As 
expected, isometric data supported the decreased maximal torque with hyperthermia. 
Interestingly, torque and EMG activity was reduced at slower contraction speeds (60° · s
-
1
) while no impairment was observed at fast contraction speeds (240° · s
-1
) during both 
maximal and endurance tests. Martin et al. (90) examined the effect of whole body 
hyperthermia on voluntary activation of both shortening on lengthening contractions. 
Results from the same study reveal that voluntary activation significantly declined in 
shortening contractions in leg extensors and forearm flexors. These results suggested that 
the central nervous system reduced voluntary drive to skeletal muscle performing 
shortening contractions. However, it is difficult to conclude that this finding is a direct 
result of hyperthermia because the heating protocol utilized exercise-induced 
hyperthermia.  
Cheung & Sleivert (24) sought to isolate the effects of core and skin temperature 
on force production with isokinetic maximal voluntary contractions using a passive 
heating protocol. Isokinetic contractions were performed at 60, 120, and 240° · s
-1
 at 
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every 0.5°C increase in core temperature. With passive heating, peak torques (Nm) was 
inversely related to contraction speed, with significant differences between all speeds. 
However, peak torques did not change over the heating phases, and only decreased upon 
skin cooling (Figure 2-5). While core temperature had no impact on isokinetic strength, a 
rapid decrease in skin temperature decreased peak torque of the knee extensors, 
suggesting a significant contribution of skin temperature on isokinetic strength and 
fatigue development. This presents a clear distinction between the thermal afferents that 
impair isometric and dynamic contractions.  
Figure 2-5: Peak torques generated with maximal isometric knee extensions during 
passive heating at 60, 120, and 240° · s
-1
 from rectal temperature 37.5°C to 39.5°C and 
then passively cooled from 39.5°C to 38.0°C (24)].  
 
2.4 Mechanics and Anatomy of the Wrist Joint  
The wrist joint consists of the radiocarpal joint, which involves the distal articular 
surface of the radius and three proximal carpal bones: the scaphoid, lunate, and 
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triquetrum. The radiocarpal joint is an ellipsoidal articulation that permits 
flexion/extension, adduction/abduction, and circumduction. The total arc of 
flexion/extension mobility ranges from 69 to 181° while adduction and abduction 
movements have arcs of 15 and 35° of mobility, respectively (135, 156).  
In the anatomical position, the flexor carpi radialis (FCR) is a pennate muscle 
located in the anterior compartment of the forearm. The FCR originates at the common 
flexor tendon of the medial epicondyle of the humerus, runs laterally across the forearm, 
and inserts at the base of the second and third metacarpals. The FCR acts at the wrist joint 
for flexion, and as a synergist with the extensor carpi radialis (ECR) during radial 
deviation (8). The FCR is innervated by the median nerve, which originates in the 
brachial plexus, travels deep to the bicipital aponeurosis and descends distally (14). The 
ECR is divided into two compartments: the extensor carpi radialis longus (ECRL) and 
extensor carpi radialis brevis (ECRB). Both act at the wrist joint for extension, and an 
antagonist during wrist flexion. Both compartments of the ECR originate on the lateral 
epicondyle of the humerus, runs parallel with the brachioradialis down the posterior 
compartment of the forearm, and inserts at the base of the third metacarpal bone in the 
hand. Superficial and deep branches of the radial nerve innervate the ECRL and ECRB, 
respectively. The radial nerve is a continuation of the posterior cord of the brachial 
plexus, and descends past the radial groove of the humerus. Distal to this point at the 
lateral epicondyle of the elbow, the radial nerve branches into the superficial and deep 
radial nerve (14).    
Biomechanical models presented by Loren et al. (84) and Gonzalez et al. (47) 
determine that the FCR, ECRB, and ECRL can produce maximal forces of 51.2, 58.8, 
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and 31.9 N, respectively. From cadaveric specimens, Loren et al. (84) demonstrated that 
peak muscles forces for the FCR occurred in full wrist extension. Physiological cross-
sectional area (PCSA) and moment arm (MA) largely contribute peak muscle force 
generated by a muscle. Using a three-dimensional computer graphics model, Gonzalez et 
al. (47) established that the PCSA for the FCR, ECRB, and ECRL was 2.0, 2.7, and 
1.5cm
2
, respectively, matching maximal forces. Moment arm is the shortest perpendicular 
distance from a forces line of action to the axis of rotation. The magnitude of the moment 
arm determines the load applied to the joint, with larger moments arms creating more 
force on the joint. With movement, the moment arm changes throughout the range of 
motion. Loren et al. (84) determined that flexor moment arms were greatest with the wrist 
flexed and decreased with extension. It was determined that moving from flexion to 
extension, the length of the FCR moment arm magnitude 16 to 17.3 mm with peak torque 
occurring at a joint angle of 45° (47, 84).
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3 OBJECTIVES AND HYPOTHESES  
3.1 Objectives 
The objectives of this study were to:  
1. Examine the myoelectric characteristics of an isometric force and position 
task using surface EMG to observe potential discrepancies between motor unit 
recruitment, motor unit firing rate, and neural drive to the muscle. 
2. Determine the roles of Tre and T̅sk on neuromuscular function by 
implementing a passive heating and cooling protocol to directly compare 
conditions of hot Tre with hot T̅sk, and hot Tre with cool T̅sk. 
3.2 Hypotheses  
The hypotheses of this study were: 
1. EMG activity will be greater for the isometric force task compared to the 
position task during passive heating. 
2. Tre will evoke increases in EMG amplitude during the isometric force task, 
whereas lowering T̅sk will evoke increases in EMG amplitude during the 
position task.
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4 METHODS 
4.1 Participants  
The study was approved by the Bioscience Research Ethics Board of Brock 
University (BREB #15-076, Appendix A) and conformed to the standards set by the 
Declaration of Helsinki. All participants were screened using a modified Physical 
Activity Readiness Questionnaire and were informed of the experimental protocol and 
associated risks prior to participating in the experiment. Verbal and written consent was 
obtained from each participant.  
Twenty healthy individuals (13 males and 7 females) were recruited from the 
university and general public for this experiment. Participants were non-smokers, and 
were free from cardiovascular, neurological, and skeletal disorders. Female participants 
were tested during the early follicular phase (days 2-5) of their menstrual cycle when 
endogenous progesterone and estrogen levels are low to avoid hormone-related increases 
in basal core temperature (93) and susceptibility to muscle fatigue (139). Users of oral 
contraceptives were tested during the week of menstrual flow, where exogenous synthetic 
hormone supplementation is zero (93). The mean (± SD) for age, height, mass, and body 
fat percentage was 23.8 ± 2.1 years, 175.3 ± 8.5 cm, 70.4 ± 9.2 kg, and 14.8 ± 6.0 %, 
respectively.  
4.2 Experimental Design 
Participants completed a familiarization session to practice the experimental 
protocol and acquaint themselves with the apparatus. During the familiarization session, 
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height (cm) and mass (kg) were determined using standard laboratory equipment. Body 
fat percentage (%) was determined through a 7-site (triceps, sub-scapula, abdomen, 
supra-iliac crest, mid-axilla, thigh, and pectoralis major) skinfold thickness (65, 66) with 
manual calipers (Harpenden, Bay International, West Sussex, UK), and anthropometric 
measurements of the right forearm were taken using a tape measure. Participants were 
then positioned in a semi-recumbent position on an examination table with their right 
forearm supported on a side table that allowed the elbow to rest at approximately 135° in 
extension. The custom made apparatus was designed to isolate forearm flexion of the 
wrist. The carpal to distal phalanges of the right hand were placed between two aluminum 
plates. These plates were secured to a calibrated load cell and potentiometer to measure 
torque and angular displacement of the wrist joint, respectively. The right forearm was 
positioned such that the styloid process was aligned with the axis of rotation (Figure 4-1). 
Participants were instructed to complete 10-15 isometric contractions of the wrist in order 
to learn how to perform maximal effort contractions of the wrist while minimizing 
extraneous movements from other muscle groups (19).  
Subsequently, participants reported to the Environmental Ergonomics Laboratory 
no more than 72 h following the familiarization session, and were asked to abstain from 
strenuous exercise and the consumption of caffeine for 12 h and alcohol for 24 h prior the 
experimental session.  
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Figure 4-1: Apparatus including: (A) Calibrated load cell; (B) Potentiometer aligned with 
axis of rotation; (C) Forearm restraints. 
 
The experimental session implemented a repeated measures design during a 
passive heating and cooling manipulation. The experimental protocol is displayed below 
in Figure 4-2. 
A 
B C 
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Figure 4-2: Experimental protocol. Maximal M-wave (Mmax); Maximal voluntary contraction (MVC).  
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Upon arrival to the laboratory (~22°C, ~43% relative humidity) between 0800 – 
1300 h for the experimental session, participants voided their bladder and hydration status 
was assessed using a refractometer (PAL-10S, Atago, USA). Euhydration threshold was 
defined as a urine specific gravity (USG) ≤ 1.020. If the participant was hypohydrated 
(USG > 1.020), 0.5 L of water was given and USG was reassessed after 30 min. If 
participants remained hypohydrated, testing was rescheduled.  
4.3 Instrumentation 
Subjects were instructed to self-insert a rectal thermistor (Mon-A-Therm Core, 
Mallinkrodt Medical, St. Louis, MO, USA) 12 cm beyond the anal sphincter to measure 
rectal temperature (Tre; (82, 94)).  
Thermocouples (PVC-T-24-190, Omega Environmental Inc. Laval, QC, Canada) 
were taped (Transpore™, 3M, St. Paul, MN, USA) at four sites (chest, upper arm, thigh, 
and calf) to calculate mean skin temperature (T̅sk) using a weighted average of the four 
thermistors (123):  
T̅sk= 0.3Tchest + 0.3Tarm +0.2Tthigh +0.2Tleg 
A fifth thermocouple was taped on the skin surface of the right forearm adjacent 
to surface electrode sites to measure local skin temperature (Tloc). 
Participants were dressed in a three-piece liquid-conditioning garment (LCG; 
BCS 4 Cooling System, Allen Vanguard, Ottawa, ON, CAN) consisting of close-fitting, 
stretchable material with 1/8” Tygon tubing sewn over the suit. The LCG covered the 
arms, upper and lower legs, and torso; the face, head, neck, hands, and feet were left 
uncovered. Males wore shorts, while females wore a sports bra and shorts. To eliminate 
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evaporative heat loss, an impermeable polyvinyl rain suit was worn over the LCG. Water 
temperature of the LCG was manipulated by adding hot or cold water, maintained by a 
temperature controller (Model 5202, Polyscience, Niles, IL, USA) and pumped (MED-
ENG, Pembroke, CAN) at a flow rate of ~1.5 L·min-1.  
Heart rate (HR) was continuously obtained from R-R intervals using a 3-lead 
electrocardiogram (Bio Amp, ADInstruments, Colorado Springs CO, USA) and 
calculated using Lab Chart (Version 8, ADInstruments). Blood pressure was manually 
recorded at the left arm prior to each set of contractions.  
4.4 Neuromuscular Measurements  
Neuromuscular testing before (PRE) and following (POST) the passive heating 
and cooling protocol consisted of eliciting five maximal M-wave (Mmax) and five H-
reflex responses through electrical stimulation of the median nerve, each separated by 15 
s. Subsequently, participants performed five maximal voluntary isometric contractions 
(MVC); each contraction was 5 s in duration separated by 2 min. Participants performed 
submaximal (60% of MVC) isometric force and position tasks – where participants 
supported a load equivalent to the force exerted during the force task - endurance tasks 1 
min in duration at four distinct temperature states: initial Tre and T̅sk (BASE); hot Tre, hot 
T̅sk (H-H); hot Tre, cool T̅sk (H-C);  and the end of the protocol where Tre returned to 
normal and T̅sk was cool (C-C). During each of the endurance tasks, peripheral nerve 
stimulation was used to elicit a V-wave response every 15 s using a 30 mm reusable 
stainless steel disc electrode (Natus Medical Inc., San Carlos, USA).  
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During the passive heating and cooling protocol, participants performed a set of 
voluntary contractions at 0.5°C intervals of Tre; each task was 3 s in duration and 
consisted of two submaximal isometric force tasks followed by two position tasks (the 
order of contractions was counterbalanced). Participants viewed a monitor that displayed 
the target torque and angular displacement for submaximal contractions, with the target 
calculated at 60% of the MVC during PRE.  
4.4.1 Electromyography and Torque Measurements  
Electromyography (EMG) activity of the flexor carpi radials (FCR) and extensor 
carpi radialis (ECR) muscle was measured using pediatric-sized surface electrodes (3mm 
electrode diameter, F-E9M 11mm, GRASS Technologies, Astro-Med, Inc., Warwick, RI) 
with an inter-electrode distance of 10 mm. To maintain skin-electrode impedance below 
10 kΩ, measured using an impedance meter (Grass EZM-5 Electrode Impedance Meter, 
Astro-Med Inc., Warwick, RI, USA) the electrode locations were shaved using individual 
disposable razors, lightly abraded (NuPrep®, Weaver and Company, Aurora, CO, USA) 
and cleansed with isopropyl alcohol pads (Dukal Corporation, Ronkonkoma, NY, USA). 
The motor point of the FCR and ECR were located by applying a low-level electrical 
stimulus to the muscle belly. The point that elicited the largest muscle twitch at the 
lowest stimulation intensity was identified as the motor point. Once located, these points 
were marked with indelible ink for electrode placement. Electrodes were placed in a 
bipolar electrode configuration; one on the electrically identified motor point, and the 
other placed immediately distal (10 mm) to ensure that the surface electrodes record 
unidirectional motor unit action potentials (96). The electrodes were secured to the skin 
surface with two-sided tape and electrolyte gel (Signa Gel®, Parker Laboratories, 
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Fairfield, NJ, USA). The electrodes were then taped (Transpore™, 3M, St. Paul, MN, 
USA) around the dorsal surface of the forearm to ensure contact with the skin throughout 
the experimental protocol. A 100 mm circular self-adhesive ground electrode 
(Dermatrode, Delsys, Boston, MA, USA) was placed on the dorsal side (back) of the 
hand for electrical safety and to minimize noise. 
 
Figure 4-3: Experimental setup of sEMG electrodes. (A) Bipolar configuration of 
pediatric electrodes; (B) Stainless steel disc electrode. 
4.4.2 Evoked Potentials 
Palpating the biceps tendon in the bicipital groove and moving medially located 
the median nerve, the anode and cathode were connected in series with an isolation unit 
(Grass Telefactor SIU8, Astro-Med Inc., Warwick, RI) and constant current stimulator 
(Grass Telefactor S88, Astro-Med Inc., Warwick, RI) that delivered a constant current 
square-wave pulse, 0.5 ms in duration. As stimulation level is progressively increased, 
B 
A 
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the amplitude of the M-wave will increase until any further increase in stimulation yields 
no further increase in amplitude (Mmax). The Mmax represents the activity of the entire 
motoneuron pool being recruited (12). The H-reflex is an electrically evoked muscle 
stretch reflex, observed when the peripheral nerve is stimulated using low-level electrical 
stimulation. Action potentials are elicited in Ia afferents due to their low threshold, large 
diameter axons. These action potentials propagate orthodromically towards the spinal 
cord, where they give rise to excitatory postsynaptic potentials, resulting in an action 
potential from the alpha motoneuron to the muscle (1). The V-wave is used to measure 
the level of central drive from the excited motoneuron pool during a voluntary 
contraction. The V-wave integrates the identical reflex arc as the H-reflex, yet its 
difference lie because it is evoked during voluntary activity. Efferent motor action 
potentials generated during a voluntary contraction collides with antidromic motor action 
potential evoked by supramaximal peripheral nerve stimulation, allowing the evoked H-
reflex response to pass to the muscle. The V-wave can be used as an indication of the 
magnitude of antidromic clearing, and reflect the frequency and number of efferent 
impulses in the alpha motoneuron during voluntary muscle activation. V-waves were 
obtained using supramaximal (120% of Mmax) stimulation to ensure a supramaximal 
response.  
4.5 Signal Processing 
EMG signals were amplified (Grass P511, Astro-Med, Inc., Warwick, RI) and 
band-passed filtered between 3 and 1000 Hz. Torque, EMG, and displacement signals 
were acquired at a sampling rate of 2500 Hz using an analog to digital converter (model 
BNC-2110, National Instruments, Austin, TX, USA), and simultaneously recorded on a 
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personal computer using custom-designed software (LabView 2011, National 
Instruments, Austin, TX, USA). Torque was low-passed filtered (24 Hz, 3 dB) using a 2
nd
 
order Butterworth digital filter offline in MATLAB® (The Mathworks Inc., Natick, MA). 
Temperature (Tre, T̅sk, Tloc) data were collected at 1 Hz and ECG at 1000 Hz (PowerLab, 
ADInstruments), and stored on a personal computer to be analyzed and processed offline 
using Lab Chart (Version 8, ADInstruments).  
4.6 Statistical Analysis 
Data were normally distributed as assessed by skewness and kurtosis measures, 
and by visual inspection of histograms. Normality was defined as skewness and kurtosis 
less than ± 3 and ± 9, respectively. Results are presented in mean ± SD, and the alpha 
level was set to p < 0.05. Paired samples t-tests were performed to compare torque and 
sensorimotor responses before (PRE) and following (POST) the passive heating and 
cooling protocol. All EMG data collected were analyzed with a 2-way (Tre x task) 
repeated measures analysis of variance (ANOVA). Bonferonni post-hoc corrections were 
performed for multiple comparisons where significant main effects were found. A one-
way analysis of variance (ANOVA) was conducted on rectal, mean skin temperature, 
local forearm temperature, heart rate, and mean arterial pressure at temperature states 
BASE, H-H, and C-C. All statistical analyses were performed with GraphPad Prism 
(version 7.0, GraphPad Software Inc., La Jolla, CA, USA).  
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5 RESULTS 
5.1 Thermal Manipulations 
The protocol was successful in eliciting the desired manipulations of Tre and T̅sk in 
167.4 ± 45.0 min, with 124.3 ± 40.4 min passive heating time and 43.1 ± 13.2 min 
cooling time (Figure 5-1). During passive heating, Tre increased (p < 0.0001) from 37.1 ± 
0.3°C to 39.0 ± 0.4°C for 12 of the 20 participants, while increasing from 37.1 ± 0.3°C to 
38.6 ± 0.2°C for 8 participants. The point at which all participants reached their highest 
Tre during the heating phase was defined as ‘H-H’. For all 20 participants, T̅sk was 
increased (p < 0.0001) from 31.2 ± 0.4°C to 38.5 ± 0.5°C during passive heating, and was 
rapidly cooled to 34.1 ± 1.1°C while Tre remained at 38.7 ± 0.4°C to allow the 
comparison between hot Tre, hot T̅sk (H-H) and hot Tre, cool T̅sk (H-C). Lastly, Tloc 
followed a similar pattern as T̅sk, increasing (p < 0.0001) from 31.1 ± 1.1°C to 37 ± 1.2°C 
during passive heating, and cooled to 34.3 ± 1.3°C upon skin cooling.  At the end of the 
protocol (C-C) Tre, T̅sk, and Tloc returned to 37.8 ± 0.3°C, 32.2 ± 1.6°C, and 32.2 ± 1.3°C, 
respectively (all p < 0.001 vs. H-H). 
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Figure 5-1. (A) Rectal temperature; (B) Mean skin (open squares) and local forearm 
temperature (closed squares) responses to the passive heating and cooling protocol. 
*Significantly different versus initial Tre and T̅sk (BASE; p < 0.0001). †Significantly 
different versus hot Tre, hot T̅sk (H-H; p < 0.0001).
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5.2 Cardiovascular Responses 
Heart rate increased (p < 0.0001) from 71 ± 10 beats·min
-1 
to 115 ± 19 beats·min
-1
 
during passive heating. After the initiation of skin cooling HR decreased to 81 ± 12 (p < 
0.0001), and returned to 74 ± 12 beats·min
-1
 at the end of passive cooling (p < 0.0001). 
Mean arterial pressure (MAP) remained stable (p = 0.48) from 86.5 ± 5.4 mm Hg to 85.1 
± 7.3 mm Hg during passive heating. MAP did not change upon the initiation of skin 
cooling to  (p  = 0.43) and remained at 85.3 ± 4.7 mm Hg at the end of the protocol (p = 
0.15) 
5.3 Voluntary Torque and Sensorimotor Responses 
Maximal voluntary torque and sensorimotor responses at baseline (PRE) and 
following (POST) the passive heating and cooling protocol are displayed in Figure 5-2. 
Maximal voluntary torque production (Figure 5-2A) was similar (p = 0.42) from PRE 
(28.5 ± 11.2 N·m
-1
) to POST (27.8 ± 10.6 N·m
-1
). Peak-to-peak Mmax  (Figure 5-2B) did 
not change significantly (p = 0.27) between PRE (4.6 ± 1.7 mV) and POST (4.5 ± 1.8 
mV). Similarly, H-reflex amplitude (Figure 5-2C) did not change (p = 0.50) from PRE 
(0.39 ± 0.17 mV) to POST (0.4 ± 0.16 mV). 
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Figure 5-2. Torque and sensorimotor responses before (PRE) and following (POST) the passive heating and cooling protocol. (A) 
Maximal voluntary torque; (B) Peak-to-peak Mmax amplitude; (C) Peak-to-peak H-reflex amplitude.
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5.4 Task Effects on Electromyographic Responses  
EMG activity for the isometric force and position tasks during the passive heating 
and cooling protocol is presented in Figure 5-3. Root-mean-square (RMS; Figure 5-3A) 
amplitude was significantly higher for the force task at H-H (p < 0.001) and H-C (p = 
0.004) versus C-C. A rapid decrease in skin temperature with the initiation of passive 
cooling, yielded a significant increase of RMS amplitude for the position task at H-C 
versus H-H (p = 0.04). There was a significant interaction effect of the task and Tre on 
RMS amplitude. RMS amplitude was significantly higher for the position task at BASE 
(p < 0.001), during the heating phase at ∆Tre +0.5°C (p < 0.01), upon skin cooling at H-C 
(p < 0.01), and at every subsequent Tre interval during the passive cooling phase at ∆Tre 
+1.5°C (p =0.010), and C-C  (p < 0.001).  
Mean power frequency (MPF) was similar between tasks during the experimental 
protocol (Figure 5-3B). MPF increased as a function of core temperature for the isometric 
force task. MPF at H-H was significantly higher versus BASE (p = 0.007) and C-C (p < 
0.001). During the cooling phase, where core remained relatively hot (∆Tre +1.5°C), MPF 
was significantly higher versus BASE (p = 0.008) for the position task. There were no 
differences among tasks for median power frequency (MDF) throughout the experimental 
protocol (Figure 5-3C). Similar to MPF, MDF at H-H was significantly higher versus 
BASE (p < 0.01) and C-C (p < 0.0001) for the isometric force task.   
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Figure 5-3. Electromyographic responses to passive heating and cooling for isometric 
force (closed circles) and position (open circles) task. (A) Root-mean-square amplitude; 
(B) Mean power frequency; (C) Median power frequency. 
*
Significant interaction effect. 
a
Significanctly different versus initial Tre and T̅sk (BASE). 
b
Significantly different versus 
end of protocol (C-C). 
c
Significantly different versus hot core, hot skin (H-H).
BASE +0.5 +1.0 +1.5 H-H H-C +1.5 C-C
0
50
100
150
200
250
300
350
D Rectal Temperature (°C)
R
M
S
 (
m
V
)
* *
*
*
*
A
c
a,b
a,b
BASE +0.5 +1.0 +1.5 H-H H-C +1.5 C-C
50
100
150
200
D Rectal Temperature (°C)
M
P
F
 (
H
z)
B
a
a,b
b
BASE +0.5 +1.0 +1.5 H-H H-C +1.5 C-C
50
100
150
200
D Rectal Temperature (°C)
M
D
F
 (
H
z)
C
a,b
 38 
RMS amplitude (Figure 5-4A) during the 1 min endurance task was significantly 
higher for the position task at every temperature state (all p < 0.0001 vs. force). Both 
isometric force (p < 0.001) and position task (p < 0.0001) RMS amplitudes were 
significantly lower at H-H versus BASE. MPF (Figure 5-4B) was significantly higher for 
the isometric force task versus position task (p < 0.0129) at H-H. At H-C, where core 
temperature remained elevated, but skin temperature was rapidly cooled, MPF for 
isometric force and position tasks were higher versus BASE and C-C (all p < 0.0001). 
MDF (Figure 5-4C) was higher for the isometric force tasks at H-H (p = 0.037) and H-C 
(p = 0.031) where core temperature was elevated despite changes to skin temperature. 
MDF for the isometric force tasks was higher at H-H and H-C versus BASE (p = 0.011) 
and C-C (p < 0.0001). MDF for the position tasks was higher at H-C versus BASE (p = 
0.026)  
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Figure 5-4. Electromyographic responses during a 1 min task for isometric force (black 
bars) and position (white bars) tasks. (A) Root-mean-square amplitude; (B) Mean power 
frequency; (C) Median power frequency. Temperature states: initial Tre and T̅sk (BASE); 
hot Tre, hot T̅sk (H-H); hot Tre, cool T̅sk (H-C); and end of the protocol where Tre returned 
to normal and T̅sk was cool (C-C). 
*
Significant contraction type effect. 
a
Significanctly 
different versus BASE. 
b
Significantly different versus C-C.
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6 DISCUSSION 
The primary objectives of this study were to compare the influence of 
hyperthermia on muscle electrical activity during and isometric force and position task, 
and the relative contributions of Tre and T̅sk thermal afferents. A passive heating and 
cooling protocol permitted the investigation of EMG activity from normothermia 
(~37.1°C) to 39°C at ~0.5°C intervals, and then again at 0.5°C intervals as the individual 
was passively cooled back to 37.8°C, allowing a comparison at similar core temperatures 
with both warm and cool skin temperatures. Similar maximal torque production and 
sensorimotor responses before and following the passive heating and cooling protocol 
suggests that any changes to sEMG responses was not a result of central or peripheral 
fatigue accumulating over the protocol, but more so directly influenced by thermal 
manipulations of Tre and T̅sk. The novel aspect of this study was the use of a dynamic 
position task as a more representative model of whole body exercise compared to 
isometric contractions. The primary finding was that the amplitude of the sEMG signal 
responded differently to hyperthermia between isometric force and position tasks. 
Spectral parameters of the sEMG signal were not different between tasks, yet changed 
significantly as a function of core temperature. Secondly, it appears that Tre and T̅sk 
thermal afferents were the main contributors to changes in the isometric force and 
position tasks sEMG, respectively. These data support CNS activation being largely 
driven by elevations in core temperature during isometric contractions (100, 127, 147, 
148), whereas decreases in skin temperature drive decreases in torque output during 
isokinetic contractions (24).  
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6.1 Isometric Force Task  
Passive heat stress, independent of changes to T̅sk, was associated with increases 
in RMS amplitude for a submaximal isometric force task, with RMS used as an indirect 
measure of motor unit recruitment, firing rate, and conduction velocity (12, 26, 158). 
Increases in RMS for isometric force tasks were directly related to increases in core 
temperature, despite rapid cooling of the skin. Prior work using maximal isometric 
contractions showed similar findings (100, 147, 148), where changes in CNS activation 
for isometric contractions were largely driven by increases in core temperature. Thus, this 
increase in RMS amplitude for the isometric force task suggests an increase in neural 
drive to the muscle (32, 133) with progressive increases in core temperature. Todd et al. 
(148) also reported that elevated tissue temperature with passive heat stress is associated 
with a ~20% increase in peak relaxation rate and consequently, higher motor unit firing 
rates would be required to achieve fusion force (129). Thus, a potential mechanism 
behind the increase in RMS amplitude during a submaximal isometric force task is a 
compensatory measure to increase the recruitment and firing rates of motor units in order 
to maintain the target level of force (12, 26, 158) due to temperature induced changes in 
muscle properties. 
MPF and MDF for the isometric force task showed similar patterns as RMS 
amplitude, progressively increasing in response to elevations in core temperature, and 
only decreasing as core temperature was cooled back down. This suggests a shift towards 
higher frequencies of the EMG signal driven by core temperature, possibly the result of 
an increase in muscle nerve conduction velocity (125, 131). This increase could be 
attributed to sodium and potassium channels opening and closing at faster rates, causing a 
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decreased amplitude and duration of motor unit action potentials (130). However, the 
combination of increases in power spectrum parameters along with RMS amplitude may 
reflect an increase in relative force output at higher core temperatures (27, 52, 99, 154). 
In this study, workload was held constant at 60% of maximal voluntary contraction at 
baseline throughout the passive heating and cooling protocol. If maximal voluntary 
contraction output decreases with passive heating, the relative workload would have 
progressively increased during each stage of the heating phase. This would cause an 
increase in the recruitment of larger diameter motor units as force level is increased, 
resulting in increases in both motor unit amplitude and firing frequency (11, 99). 
6.2  Position Task  
Interestingly, RMS amplitude did not change during passive heat stress for the 
position task, yet decreases in T̅sk upon the initiation of skin cooling despite elevated core 
temperature elicited increases in RMS amplitude. According to the EMG/force 
relationship that shows increases in EMG amplitude with increasing level of force (11, 
99), this is in contrast to previous work reporting dynamic force outputs increasing with 
heating (7, 35, 134) yet concurs with Cheung and Sleivert (24) who showed decreases in 
dynamic force output when skin was rapidly cooled and core temperature remained 
elevated. This response is fundamentally distinct from the isometric force task. The 
comparison between elevated core temperatures with both hot and cool skin revealed 
vastly different responses between isometric force and position tasks, highlighting the 
distinction between thermal afferents that drive different modalities of muscular 
contraction. The EMG characteristics at the initiation of skin cooling while core 
temperature remained constant was similar to findings of Winkel and Jørgensen (160) 
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who reported a two-fold increase in EMG amplitude during dynamic contractions with 
skin cooling compared to warm skin when core temperature was remained constant.   
Similar to RMS amplitude, MPF and MDF did not significantly change 
throughout the heating protocol for the position task. The only observable difference was 
an increase in MPF at ∆ Tre +1.5°C during the cooling phase compared to baseline, 
suggesting that the contribution of frequencies to the sEMG signal were relatively 
constant until this point, whereupon there was a transient shift to higher frequencies. A 
potential explanation for the trend in spectral parameters observed for the position task is 
conduction velocity. Although conduction velocity was not measured in this study, this 
would support previous work (91) that observed no change in conduction velocity during 
isotonic knee extension. Rutkove et al. (131) reported that with cooler skin temperatures, 
conduction velocity is slightly decreased and the activation of ion-gated channels remains 
open for longer periods of time. This allows the increase in ion flux through the channel, 
producing a larger depolarization and action potential. This change in conduction velocity 
with cooling of the skin may explain the transient shift towards higher frequencies.  
6.3 Comparing Isometric Force and Position Tasks  
Differences in the sEMG signal between contraction modalities may lie in central 
control of different types of contractions, and their inherent motor unit characteristics. 
Ivanova et al. (64) sought to examine motor unit characteristics between isometric and 
dynamic movements with the same torque-time characteristics. This provided a critical 
methodological control to isolate central control mechanisms between the two 
contractions. The authors found similar results to previous work (143, 144) 
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demonstrating that the motor unit recruitment threshold was lower in dynamic 
movements than in isometric contractions. Therefore a potential mechanism underlying 
the stable EMG responses of a position task to passive heat stress - reflected by RMS 
amplitude, MPF, and MDF – is that the lower threshold to recruit motor units requires 
less additional motor unit firing to compensate for changes in muscle properties. While 
core temperature had no impact on neural drive during a position task, the rapid decrease 
in skin temperature during cooling transiently increased the neural drive required to 
maintain the submaximal load. This suggests a significant contribution of skin 
temperature on motor unit recruitment and firing rate required for a position task. 
Two significant methodological controls in this study enabled the comparison of 
neuromuscular function between tasks in response to passive hyperthermia. There was no 
indication of central or peripheral fatigue as evidenced by no change in maximal 
voluntary torque or maximum Mwave (Mmax) before and following the protocol. This 
demonstrated that changes to the sEMG signal were due to the thermal manipulations of 
the protocol, and not the protocol itself. Secondly, matching the load between the tasks 
allowed the comparison of central control mechanisms of each tasks independent of any 
changes to the difference in force/length curves between tasks (18, 128). 
Other than the inherent differences in central control, the most plausible factor 
that could account for differences in sEMG between isometric force and position tasks is 
blood flow in the contracting muscle. The intramuscular pressure generated during an 
isometric task prevents blood flow and the removal of harmful by-products of metabolic 
processes (77). Blood flow during a dynamic contraction has been shown to be 
maintained by enhancing the venous return by the contracting muscle and removing 
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metabolic by-products (91, 155). It has been suggested that blood flow occlusion with 
isometric contractions could result in motor unit rotation, where the sEMG signal shifts 
towards higher frequencies as other motor units become impaired by ischemia (36, 138, 
141). This assumption could explain the progressive increase in spectral parameters 
during isometric contraction and the lack of change during the position task.  
The use of sEMG was successful in highlighting the different afferent influences 
of heat stress between isometric force and position tasks. Differences in neural drive to 
the muscle and spectral parameters in response to passive hyperthermia support previous 
work emphasizing a discrepancy between the mode of exercise and the neuromuscular 
response to heat stress (90). These data also provide merit to the use of the dynamic 
maintenance of joint angle. Not only are position tasks more reflective model for whole 
body exercise due to neural and mechanical similarities to dynamic movements (102, 
103), the distinct neuromuscular responses to heat stress from isometric force tasks 
demonstrate that caution must be taken in extrapolating results from mechanistic studies 
using isometric contraction in the heat to whole body exercise (20, 21). Future work on 
isolated concentric and eccentric muscle contractions in response to passive heat stress 
can advance the findings of this present study to better represent the shortening and 
stretching pattern of whole body exercise such as running or cycling.  
The findings in this study were similar to those of Cheung and Sleivert (24) who 
reported a significant contribution of skin temperature to neuromuscular function of 
dynamic contractions. Contrary to prior work (24, 43) submaximal dynamic contractions 
during the present study showed an increase in neural drive to the muscle rather than 
impairments in neuromuscular function. Cooling during exercise in hot environments 
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through the use of head cooling (5), torso cooling (74), or neck cooling (151-153) has 
offered benefits to performance in hot environments. These benefits manifested in 
improvements in time-trial performance with neck cooling, without any changes to core 
temperature (152, 153). However, the metabolic and thermoregulatory benefits of these 
cooling methods and the relationship with the development of fatigue in hot 
environments remain unclear (70). The findings of this study could serve as potential 
mechanisms underlying the benefits of rapidly cooling the skin during dynamic exercise 
in the heat, where improvements in performance could occur through an enhanced neural 
drive to the muscle and a shift to higher frequency motor units.  
6.4 Conclusions 
This study sought to compare muscle electrical activity of an isometric force and 
position task during hyperthermia, and the thermal afferents that direct those changes. 
The passive heating and cooling protocol used in this study permitted the direct influence 
of hyperthermia on muscle electrical activity. Rapidly cooling T̅sk during hyperthermia 
enabled the comparison of EMG activity at similar core temperatures with both warm and 
cool skin temperatures. During a submaximal isometric force task, elevations in core 
temperature led to increases in sEMG signal amplitude and frequency spectrum, despite 
rapidly cooling the skin. Only as core temperature began to decrease did the amplitude 
and frequency spectrum decrease, suggesting a large role of core temperature afferents on 
isometric tasks. Elevations in core temperature had no impact on the sEMG signal for the 
position task. Lowering skin temperature significantly increased sEMG amplitude yet 
resulted in no change in spectral parameters during the position task. These data support 
our hypothesis as demonstrated by a distinction between core and skin temperature 
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afferents as drivers for neuromuscular function during an isometric force and position 
task, respectively. These data suggest that the neural drive to the muscle during 
hyperthermia is dependent on both the task being performed and the relative role of core 
and skin thermal afferents. These differences demonstrate that a maximal isometric force 
model to assess neuromuscular performance in the heat is problematic. The underlying 
mechanisms of muscle function in response to heat stress provide a better understanding 
of neuromuscular function during whole body exercise.    
6.5 Experimental Considerations 
A young population (22 – 29 years old) was used to determine the 
electromyographic responses of and isometric force and position task during passive 
hyperthermia. An older population was not included in the present study due to changes 
in motor unit characteristics with older age, including: lower motor unit discharge rate 
(68), decreases in nerve conduction velocity (28, 34, 110, 136), and a decrease in the 
number of motor units present (17, 92, 137). Therefore, results from this study may not 
be generalizable to an older population. It could be assumed that the increase in neural 
drive to compensate for changes in muscle properties during heat stress may be 
dampened in older individuals due to these changes in motor unit properties.    
Peripheral vasodilation and electrode location during passive heat stress increases 
the distance between the muscle and the sEMG electrode (10), and could potentially act 
as additional tissue filtering, dampening the signal to lower frequencies recorded at the 
surface of the skin. Spectral analysis during hyperthermia may need to be interpreted with 
caution as the frequency spectrum may be underestimated with additional tissue filtering. 
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However, the differences between contraction type as core remained elevated with both 
hot and cold skin is a strong indication that changes to the sEMG amplitude and spectral 
parameters were a result of the experimental manipulations. 
Discrepancies between the temperature at the core and the site of activity with 
thermal manipulations raise the question of whether core temperature truly reflects the 
muscle environment in question. Future research should address this potential difference 
or attempt to match core and muscle temperature more effectively.  
6.6 Future Directions 
The present study has presented the following questions that warrant further 
research: 
1. Are increases in the sEMG signal due to changes in the neural drive to the 
muscle or increases in the absolute workload during passive hyperthermia? 
To assess this, maximal voluntary torque can be determined at each stage of 
core temperature to determine a similar relative workload at each stage of 
heating. This manipulation will clearly demonstrate whether the central 
nervous system is compensating for changes in muscle properties, or 
increasing EMG activity with concomitant increases in absolute workload. 
2. What is the impact of blood flow occlusion on EMG responses for isometric 
force and position tasks during passive heating? Muscular contractions create 
intramuscular pressure causing blood flow occlusion. This leads to a decrease 
in oxygen delivery and limits the removal of harmful metabolites that cause 
fatigue  (33). An important distinction to be made is whether changes in EMG 
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activity during isometric force and position tasks were due in part to changes 
in muscle blood flow that exist between dynamic and isometric contractions  
(79). This would provide insight into isolating the mechanisms contributing 
to the activation of the central nervous system during whole body exercise.
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